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ABSTRACT
Reciprocating sliding friction experiments were conducted with a natural
diamond flat, diamond films, and low- and high-density diamondlike carbon
(DLC) films in contact with pin specimens of natural diamond and silicon
nitride (Si3N4) both in humid air and in dry nitrogen. The results indicated
that for natural diamond pin contacts the diamond films and the natural
diamond flat were not susceptible to moisture but that moisture could increase
both the coefficients of friction and wear factors of the DLC films. The
coefficients of friction and wear factors of the diamond films were generally
similar to those of the natural diamond flat both in humid air and in dry
nitrogen. In dry nitrogen the coefficients of friction of the high-density
DLC films in contact with pin specimens of both diamond and Si3N4 were
generally low (about 0.02) and similar to those of the natural diamond flat
and the diamond films. The wear factors of the materials in contact with both
natural diamond and Si3N4 were generally in the ascending order of natural
diamond flat, diamond film, high-density DLC film, and low-density DLC film.
Moisture in the environment increased the coefficients of friction for Si3N4
pins in contact with all the materials (natural diamond flat, diamond films,
and DLCfilms). This increase in friction is due to the silicon oxides film
produced on the surface of Si3N4 pins in humid air.
1. INTRODUCTION
As is well known, because diamond is hard and nonreactive, it is one of
the slipperiest materials, and is similar to polytetrafluoroethlylene in
terrestrial environments. I Natural diamond or high-pressure and high-
temperature manufactured diamonds are available as three-dimensional products.
However, the new materials, chemically vapor-deposited diamond films and
diamondlike carbon (DLC) films, are available only in planar film or sheet
form. With the diamond films and the DLCfilms a whole new range of products
will be able to take advantage of the properties of diamond. Diamondfilms
and DLCfilms offer tribologists and designers the combinedproperties of hard
coatings and solid lubrication. For the fabricator or end user this new
technology meansan extraordinary expansion in tribological applications. 2
Before diamond films or DLCfilms can be evaluated in practical bearing
applications, it is necessary to demonstrate that they indeed have friction
and wear properties and environmental stability similar to those of natural
diamond in a variety of environments, such as humid air, dry nitrogen, and
vacuum.3 Recently several tribological studies of diamond films and DLCfilms
have been reported). 3"11 Somework concentrated on the frictional behavior at
high temperatures and in a vacuum, spacelike environment. 8'9'12 In the case of
DLCfilms, plasma deposition processes have been used successfully to obtain
very low-friction coatings that are stable to 500 °C in vacuum.12
2
Solid lubricating films designed for spacecraft applications should have
the following three properties: low (0.1) coefficient of friction, good
durability, and stability in both vacuumand terrestrial environments. 13 The
environment to which a solid lubricating film is exposed can markedly affect
its tribological properties, such as friction and wear life. 13'14
The objective of this study was to investigate the friction and wear
behavior of diamond films and DLCfilms in contact with a natural, single-
crystal diamond pin and with silicon nitride (Si3N4) pins in humid air and in
dry nitrogen. This study in particular addressed the effect of moisture on
the friction and wear behavior. Comparative experiments for friction were
conducted with a natural, single-crystal (111) diamond flat in the same
manner.
2. MATERIALS
2.1. Diamond Films
Fine-grain diamond films were formed on flat surfaces of silicon carbide
and silicon substrates by a microwave chemical vapor deposition technique that
used a mixture of methane, hydrogen, and oxygen. A substrate temperature of
860 °C was used. Diamond deposition appeared to be thicker on the center of
the silicon wafer (10.16 cm in diameter) than on the edge. The calculated
thicknesses based upon light interference fringe measurement and Rutherford
backscattering (RBS) were 0.5 to 1.5 _m, respectively, on the edge and center
of the wafer. The deposition rate was estimated to be 0.14 _m/hr over the
center area of 2.5 cm in diameter. The deposition and physical
characterization of fine-grain diamond films are described in detail in
Ref. 15.
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Briefly, the fine-grain diamond films contained about 2.5 at.% hydrogen
(by proton recoil analysis) and 97.5 percent carbon (by the RBStechnique).
There were no impurities other than hydrogen. The x-ray photoelectron
spectroscopy (XPS) analysis of the diamond films indicated that the film
surfaces contained predominantly C-C and CHn bonds with small amounts of C-O
and C=O bonds. Furthermore, the Raman spectrum of the film clearly showed the
presence of a peak characteristic of the diamond at 1333 cm-I. The size and
orientation of the diamond grains were determined from bright- and dark-field
electron microscopy and x-ray diffraction, and the grains in the film were
found to vary from 20 to 100 nm in size, with the preferred orientation growth
of <110>. Optical transmittance of this free-standing diamond film was about
58 percent over the infrared region of 2.5 to 10 _m. The average surface
roughness of the diamond films, as measured by a surface profilometer, was
15-nm root-mean-square roughness and 13-nm centerline-average roughness.
2.2. Diamondlike Carbon Films
DLC films (250 to 280 nm thick) were formed on flat surfaces of silicon
nitride and silicon substrates by using the 30-kHz alternating-current glow
discharge of a planar plasma reactor. The growth and physical
characterization of DLC films are described in detail in Refs. 16, 17, and 9.
Briefly, the hydrogen concentration in the carbon films decreased in the
range 7.7xi022 to 7.2xi022 cm"3 when the deposition power was increased from
25 to 300 W. The hydrogen concentration gives an approximate value of 0.8 for
x in the formula CHX. Furthermore, the average Vickers microhardness for the
DLC films deposited on the Si3N4 substrates varied monotonically from 22 to
29 GPa as deposition power was increased. The higher the plasma deposition
power, the greater the film density and the hardness.
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2.3. Natural Diamondand Si3N4
Natural diamond was used in the reference experiments. The (111) plane
of the diamond was parallel to the sliding interface. The diamond specimen
was in the form of a flat platelet and had a meansurface area of
approximately 30 mm2. The flat surface of the natural diamondwas polished
with 1-_m-diameter diamond powder and with 1-_m-diameter alumina (A]203)
powder and then ultrasonically rinsed with ethyl alcohol before each friction
and wear experiment.
Natural diamond and hot-pressed, polycrystalline, magnesia-doped Si3N4
were used as the pin materials in the sliding friction experiments. I° The
hemispherical tip (1.3 mmin radius) of the natural diamond pin specimen and
the hemispherical tips (1.6 mmin radius) of the silicon nitride pin specimens
were polished with 1-_m-diameter diamondpowder and with 1-pm-diameter Al203
powder and then ultrasonically rinsed with ethyl alcohol before each friction
and wear experiment.
3. EXPERIMENTALPROCEDURE
Reciprocating sliding friction experiments were conducted with the flats
(the natural diamond, diamond films, and DLCfilms) in contact with the pins
(natural diamond and silicon nitride) in humid air at a relative humidity of
approximately 40 percent and in dry nitrogen. Details of the friction and
wear apparatus and the experimental procedure are described elsewhere. I° In
each experiment a newly polished surface of pin specimen (natural diamond or
Si3N4) and a newly polished flat surface (natural diamond) or a newly coated
surface (diamond films and DLCfilms) of a flat specimen were used. In the
desired environment the pin and the flat surfaces were brought into contact
and loaded.
In order to obtain consistent experimental conditions, contact was
maintained for 15 min before sliding. The reciprocating sliding friction
experiment was then begun at a load of 1N at room temperature (Table I). The
pin traveled back and forth, retracing its tracks on the flat. Sliding
velocity was 86 mmmin"I over a track length of 3 mm. The friction force was
continuously monitored during a friction experiment.
Weargroove dimensions were used to calculate the wear volume of coating
removed, as well as the wear factor for the coating. The wear volumes of
coating were obtained from stylus profilometer tracings across the wear tracks
in at least five locations, and then the average cross-sectional area of the
wear track was multiplied by the wear track length (approximately 3 mm). The
wear factor is defined as the volume of material removedin unit applied load
and in unit sliding distance and is expressed as cubic millimeters per
newton-meter.
4. RESULTSANDDISCUSSION
4.1. Friction Behavior
The typical coefficients of friction for the natural bulk diamond flat,
the diamond films, and the DLCfilms in contact with a natural diamond pin and
with Si3N4 pins that were obtained both in humid air (40 percent relative
humidity) and in dry nitrogen are plotted as a function of the number of
repeated passes in Figs. 1 and 2. The coefficients of friction given are
typical, and the trends with numberof passes are reproducible.
Comparative experiments were also conducted with the natural diamond
flat, the diamond films, and the DLCfilms in contact with a hemispherical
natural diamond pin and with Si3N4 pins in humid nitrogen at a relative
humidity of approximately 40 percent in the samemanner. The results
indicated that the friction characteristics of the natural diamond flat, the
diamond films, and the DLCfilms in humid nitrogen were similar to those
(Figs. 1 and 2) obtained in humid air. The differences in friction behavior
between the humid air environment and the dry nitrogen environment may be
primarily due to moisture differences in the environments. In this study
therefore only humid air and dry nitrogen environments were considered.
Although different substrate materials were used in this investigation,
the diamond films and the DLCfilms were thick enough and furthermore the
adhesion strengths of the films to the substrates were great enough to screen
the results from the effects of differences in substrate such as hardness.
The friction and wear results presented in this paper were obtained from the
diamond films deposited on silicon substrates and the DLCfilms deposited on
Si3N4 substrates.
4.1.1. Natural DiamondPin Contacts
With the natural diamond pin contacting the natural diamond flat
(Fig. l(a)), the coefficients of friction rapidly decreased with increasing
numberof passes and reached the equilibrium value of 0.01 or less. The
moisture in the air seemedto have no effect on the coefficient of friction.
With the natural diamond pin contacting the diamond films (Fig. 1(b)),
the initial coefficients of friction of the diamond films were 0.14 and 0.13,
respectively, for the humid air and dry nitrogen environments. They rapidly
decreased with increasing numberof passes and reached the equilibrium values
of 0.035 and 0.030, respectively. The moisture in the air did not affect the
coefficient of friction. ComparingFig. 1(b) with Fig. l(a) shows that the
friction behavior of the diamond film is similar to that of the natural
diamond.
With the natural diamond pin contacting the DLCfilms (Figs. 1(c) and
(d)), moisture markedly increased friction for both the low- and high-density
DLCfilms deposited at IO0-Wand 240-Wpower, respectively. Furthermore, in
humid air, the sliding action caused a breakthrough of both the low- and high-
density DLCfilms and removedthem from the contact areas at approximately
2500 and 5000 passes and above, respectively. In dry nitrogen, however, the
DLCfilms did not wear off the substrates even after 10 000 passes. The
coefficients of friction of the low- and high-density DLCfilms were generally
low, and their friction behavior was similar to that of the natural diamond
flat and the diamond films.
4.1.2. Si3N4 Pin Contacts
With the Si3N4 pins contacting the natural diamond flat (Fig. 2(a)),
muchhigher coefficients of friction were measured in humid air than in dry
nitrogen. In the presence of moisture the coefficient of friction remained
constant with increasing numberof passes. This relatively constant friction
was the result of tribochemical interactions of the Si3N4 pin with the
moisture. It is known that sliding action vastly increases the rate at which
Si3N4 reacts chemically with moisture at the sliding interface. 182° The
tribochemical interactions produce reaction products, such as silicon dioxide,
at the sliding interface. These reaction products maintain the constant
friction in this case.
With the Si3N4 pins contacting the diamond film (Fig. 2(b)), the initial
coefficients of friction obtained were at 0.6 for both the humid air and dry
nitrogen environments. The high initial coefficients of friction were
probably due to the plowing and microcutting actions of the higher facet tips
of the diamond grains. As sliding progressed, the coefficients of friction
decreased to approximately 0.1 and 0.02, respectively, at a total of 30 000
passes (Fig. 2(b)) for the humid air and dry nitrogen environments. The sharp
decreases in friction at the start of the experiments suggest that wear
occurred on the higher facet tips of the diamond grains in the earlier
repeated passes and the tips becamedull.
The final coefficients of friction _F for the Si_N4-pin-to-diamond-film
contacts in humid air and in dry nitrogen were the sameas those for the
Si3N4-pin-to-natural-diamond-flat contacts (Figs. 2(a) and (b)). The fine-
grain diamond films exhibited similar coefficients of friction as the natural
diamond flat. Note that the coefficient of friction decreased and reached an
equilibrium value of approximately 0.08 whensliding friction experiments were
further extended to 35 000 to 40 000 repeated passes.
With the Si3N4 pins contacting the DLCfilms the coefficients of
friction obtained in humid air for both low- and high-density DLCfilms were
generally higher than those obtained in dry nitrogen as shownin Figs. 2(c)
and (d). The moisture increased friction.
With the low-density DLCfilms (Fig. 2(c)) the coefficient of friction
in humid air remained generally high and constant at about 0.17 to 2700
passes. And then a significant increase in the coefficient of friction began
when the sliding action caused a film breakthrough at the contact area of the
low-density DLCfilms at approximately 2700 repeated passes. After 2700
passes the coefficient of friction continued to increase and the DLCfilms
wore off. In dry nitrogen, however, the coefficient of friction for the low-
density DLCfilms also remained generally high and constant at about 0.15 over
10 000 passes, and the low-density DLCfilms did not wear off even after
10 000 passes, as shown in Fig. 2(c).
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With the high-density DLCfilms (Fig. 2(d)) the coefficient of friction
in humid air remained constant at about 0.2 over 10 000 passes. The high-
density DLCfilms did not wear off even after 10 000 passes. In dry nitrogen
the coefficient of friction for the high-density DLCfilms generally decreased
with increasing numberof passes. It becameerratic and variable but low
(0.02) after 2500 passes, as shownin Fig. 2(d).
4.2. Wear Behavior
Although the diamond films were somewhatabrasive in the initial stage
of sliding friction experiments, the surfaces of the natural diamond flat, the
diamond films, and the DLCfilms were generally not abrasive to the diamond
pin and the Si3N4 pins either in humid air or in dry nitrogen.
The wear scars produced on the tips of the diamond pin and the Si3N4
pins in humid air and dry nitrogen were very smoothand had an extremely fine
polished appearance. The wear tracks formed on the flat surfaces of the
natural diamond, the diamond films, and the DLCfilms had a very smooth
grooved appearance. Even, loose, fine wear debris existed mainly on the sides
of wear scars of the natural diamond pin and the Si3N4 pins and on the sides
of the wear tracks of the natural diamond flat, the diamond films, and the DLC
films. The wear scars and wear tracks did not seemto be covered with wear
debris. It is difficult to accurately measurethe wear volume for the
hemispherical tips of the diamond and Si3N4 pins. In this investigation
therefore we attempted to estimate the average wear factors for the natural
diamond flat, the diamond films, and the DLCfilms with the primary aim of
generating specific wear factors that could be comparedwith those of other
materials in the literature. The wear results will be discussed in the
following section.
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4.3. Comparisonof Coefficients of Friction and Wear Factors
Figures 3(a) and (b) summarizethe final coefficients of friction _F for
the natural diamond flat, the diamond films, and the DLCfilms shownin
Figs. I and 2.
Figures 4(a) and (b) present the average wear factors of the natural
diamond flat, the diamond films, and the DLCfilms and 95-percent confidence
limits for the average values. The data presented in Figs. 3 and 4 indicate
the marked difference in friction and wear resulting from the combination of
materials and environmental conditions.
4.3.1. DiamondPin Contacts
Moisture in the environment seemsto have no effect on either the
coefficient of friction or the wear factor of the natural diamond flat and the
diamond films in contact with the diamond pin (Figs. 3(a) and 4(a)). Both the
coefficient of friction and wear factor of the diamond films were generally
similar to those of the natural diamond flat both in humid air and in dry
nitrogen. On the other hand, both the low- and high-density DLCfilms were
susceptible to moisture: in particular, moisture increased both friction and
wear (Figs. 3(a) and 4(a)). The wear factors of the materials in contact with
the natural diamond pin were, in ascending order, natural diamond flat,
diamond film, high-density DLCfilm, and low-density DLCfilm.
4.3.2. Si3N4 Pin Contacts
Moisture significantly changedthe friction and wear of the natural
diamond flat, the diamond films, and the DLCfilms in contact with the Si3N4
pins. Especially, the moisture increased the coefficients of friction for
Si3N4 pins in contact with all the materials (natural diamond flat, diamond
film, and DLCfilms). This suggests that the chemical nature of the Si3N4 pin
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is important in the friction and wear of these materials. As mentioned
earlier, the tribochemical interactions in humid air produce a reaction
product, such as silicon oxides film, on the surface of the Si3N4 pin. 18-2°
The increase in friction was due to the silicon oxides film produced on the
surface of the Si3N4 pins in humid air.
With the natural diamond flat and the diamond films moisture increased
friction but reduced wear (Figs. 3(b) and 4(b)). Shearing occurs in the
silicon oxides film rather than in the natural diamond flat or in the diamond
films during sliding. In humid air therefore the friction rose to a higher
value (0.09 for the natural diamond flat and 1.1 for the diamond films). On
the other hand, the silicon oxides film protected the surfaces of the natural
diamond flat and the diamond films so that the wear factors for those
materials were lower in humid air than in dry nitrogen.
With the low-density and high-density DLCfilms the moisture increased
both friction and film wear (Figs. 3(b) and 4(b)). Especially, the wear
factor of the low-density DLCfilms rose to extremely high values on the order
of 10.5 mm3/N-m. The high wear factor of the low-density DLCfilms was
probably due to corrosive attack by the condensedmoisture on the micropores
and valleys of the surface irregularities. I° It is interesting to note that
in the dry nitrogen atmosphere the coefficients of friction of high-density
DLCfilms were similar to those of the natural diamond flat and the diamond
films. The wear factors of the materials in contact with the Si3N4 pins were,
in ascending order, natural diamond flat, diamond film, high-density DLCfilm,
and low-density DLCfilm. This order was the sameas that for the natural
diamond pin.
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5. SUMMARYOFRESULTS
The following conclusions were drawn from the studies of the
environmental effects on the friction and wear of a natural diamond flat,
diamond films, and diamondlike carbon (DLC) films in contact with pin
specimens of natural diamond and silicon nitride (Si3N4) in humid air and in
dry nitrogen.
5.1 Natural DiamondPin Contacts
1. Neither the coefficient of friction nor wear factor of the diamond
films and the natural diamond flat were susceptible to moisture.
2. The coefficient of friction and wear factor of the diamond films were
generally similar to those of the natural diamond flat both in humid air and
in dry nitrogen.
3. The DLCfilms were muchmore susceptible to moisture. Moisture
increased both the coefficient of friction and wear factor of the DLCfilms.
4. In dry nitrogen the coefficients of friction of both low- and high-
density DLCfilms were generally low (0.02) and similar to those of the
natural diamond flat and of the diamond films.
5. The wear factors of the materials investigated herein were, in
ascending order, natural diamond flat, diamond film, high-density DLCfilm,
and low-density DLCfilm.
5.2 Si3N4 Pin Contacts
1. Moisture in the environment increased the coefficients of friction
for Si3N4 pins in contact with all the materials (natural diamond flat,
diamond film, and DLCfilms). This increase in friction was due to the
silicon oxides film produced on the surfaces of the Si3N4 pins in humid air.
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2. In dry nitrogen the coefficients of friction of the high-density DLC
films were generally variable but low (about 0.02) and similar to those of the
natural diamond flat and the diamond films.
3. The coefficients of friction for low-density DLCfilms were generally
high both in humid air and in dry nitrogen. Furthermore, the moisture greatly
shortened the wear life of the low-density DLCfilms.
ACKNOWLEDGMENT
The authors would like to thank SamuelA. Alterovitz and John J. Pouch
of the NASALewis ResearchCenter for depositing the DLCfilms onto the
silicon nitride substrates.
14
REFERENCES
1. F.P. Bowdenand D. Tabor, The Friction and Lubrication of Solids, Pt. 2,
Clarendon Press, Oxford, United Kingdom, 1964 pp. 159-185.
2. P.D. Gigl, "New Synthesis Techniques, Properties and Applications for
Industrial Diamond," IDA Ultrahard Materials Seminar, Toronto, Ontario,
1989.
3. I.P. Hayward, I.L. Singer, and I.E. Seitzman, "Effect of Roughness on the
Friction of Diamond on CVD Diamond Films," To be published in Wear.
4. S. Jahanmir, D.E. Deckman, L.K. Ives, A. Feldman, and E. Farabaugh, Wear,
133 (1989) 73.
5. M. Kohzaki, K. Higuchi, and S. Noda, Mater. Lett., 9 (1990) 80.
6. M.S. Wong, R. Meilunas, T.P. Ong, and R.P.H. Chang, Appl. Phys. Lett., 54
(1989) 2006.
7. P.J. Blau, C.S. Yust, L.J. Heatherly, and R.E. Clausing, in Mechanics of
Coatings; Proceedings of the 16th Leeds-Lyon Symposium on Tribology
(Tribology Series 17), Elsevier, Amsterdam, 1990, pp. 399-407.
8. M.N. Gardos and B.L. Soriano, J. Mater. Res., 5 (1990) 2599.
9. K. Miyoshi, J.J. Pouch, and S.A. Alterovitz, Mater. Sci. Forum, 52-53
(1989) 645.
10. K. Miyoshi, in Advances in Infomation Storage Systems, Vol. 3, American
Society of Mechanical Engineers, New York, NY, 1991, pp. 147-160.
11. M. Kohzaki and S. Noda, Tribologist, 36 (1991) 935.
12. K. Miyoshi, Y. Zeng, M. Yoshikawa, M. Murakawa, and A. Feldman (eds.), in
Applications of Diamond Films and Related Materials, Elsevier Science
Publishers, 1991, pp. 699-702.
15
13. I.L. Singer, in New Materials Approaches to Tribology= Theory and
Applications, Materials Research Society Symposium Proceedings, Vol. 140,
Materials Research Society, Pittsburgh, PA, 1989, pp. 215-226.
14. R.L. Fusaro, "Tribology Needs for Future Space and Aeronautical Systems,"
NASA TM-I04525, 1991.
15. R.L.C. Wu, A.K. Rai, A. Garscadden, P. Kee, K. Miyoshi, and H.D. Desai,
•Synthesis and Characterization of Fine Grain Diamond Films," To be
published in J. Appl. Phys. (1992).
16. J.J. Pouch, J.D. Warner, D.C. Liu, and S.A. Alterovitz, Thin Solid Films,
157 (1988) 97.
17. J.D. Warner, J.J. Pouch, S.A. Alterovitz, D.C. Liu, and W.A. Lanford, J.
Vac. Sci. Technol. A, 3 (1985) 900.
18. T. Sugita, K. Ueda, and Y. Kanemura, Wear, g7 (1984) I.
19. T.E. Fischer and H. Tomizawa, in Wear of Materials 1985, K.C. Ludema,
(ed.), ASME, New York, NY, 1985, pp. 22-32.
20. H. Ishigaki and K. Miyoshi, in the Proceedings of the 6th International
Conference on Production Engineering, Japan Society of Precision
Engineering, Tokyo, 1987, pp. 661-666.
16
FIGURECAPTIONS
Figure I. - Average coefficient of friction as function of numberof passes of
a natural diamond pln in contact with natural diamond flat, diamond film, and
DLCfilms in humid air and in dry nitrogen.
(a) Natural diamond flat.
(b) Diamondfi Im.
(c) Low-density DLCfilm deposited at 100 W.
(d) High-density DLCfilm deposited at 240 W.
Figure 2. - Average coefficient of friction as function of numberof passes of
silicon nitride pins in contact with natural diamond flat, diamond film, and
DLCfilms in humid air and in dry nitrogen.
(a) Natural diamond flat.
(b) Diamondfilm.
(c) Low-density DLCfilm deposited at 100 W.
(d) High-density DLCfilm deposited at 240 W.
Figure 3. - Final coefficients of friction for natural diamond flat, diamond
film, and DLC films in contact with a natural diamond pin and silicon nitride
pins in humid air and in dry nitrogen.
Figure 4. - Wear factors for natural diamond flat, diamond film, and DLC films
in contact with natural diamond pin and silicon nitride pins in humid air and
in dry nitrogen.
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TABLEI.-CONDIT!ONSOF TRIBOEXPERIMENTS
Motion ....................... Reciprocating
Load, N .................... 1
Initial av;rag; Hertzian"
contact pressure, GPa . . . 2.2 for natural diamond pin contacts
and 0.91 for Si3N4 pin contacts
Sliding velocity, mm min-1 86
......... _ _i__i_ "d_y""Environment .............. u _ nitrogen
Temperature ................... Room temperature
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Figure 1 .--Average coefficient of friction as function of number of
passes of natural diamond pin in contact with natural diamond flat,
diamond film, and DLC films In humid air and in dry nitrogen.
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(d) High-density DLC film deposited at 240 W.
Figure 2.--Average coefficient of friction as function of number of
passes of silicon nitride pin in contact with natural diamond fiat,
diamond film, and DLC films in humid air and in dry nitrogen.
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Figure 3.--Final coefficients of friction for natural diamond, diamond
films, and DLC films in contact with a natural diamond pin and
silicon nitride pins in humid air and in dry nitrogen.
Natural diamond to
natural diamond
Natural diamond to
diamond film
Natural diamond to "i
low-density DLC film
Natural diamond to <
high-density DLC film
< -
<
Environment
A Humid air
I_1 0 Dry nitrogen
I_1 I---I 95-Percent
K_ confidence limit
k_
K_
w
I il[lllll I Illl_ll I J li_
(a) Natural di_nond pin contacts.
Si3N 4 to natural <
diamond
Si3N 4 to diamond film "..
Si3N 4 to low-density <
DLC film
Si3N 4 to high-density <'
DLC film
--
-- IOl
-
i
K_
I I I illhl 7i I IIihl I i I IIIhl
10-8 10-7 10--6 10-5
Wear factor, mm3/N-m
(b) Silicon nitdde pin contacts.
I I I illhl
lO-4
Figure 4._Wear factors for natural diamond flat, diamond film, and DLC films .,
in contact with a natura! diamond pin and silicon nitride pins in humid air .=
and in dry nitrogen.
2O

Form Approved
REPORT DOCUMENTATION PAGE OMBNo.0704-0188
Public repohing burden for this collection of information is estimated to average 1 hour per response, including the time for reviewing instructions, searching existing data sources,
gathering and maintaining the data needed, and completing and reviewing the collection of information. Send comments regarding this burden estimate or any other aspect of this
collection Of information, including suggestions for reducing this burden, to Washington Headquarters Services. Directorate for information Operations and Reports. 1215 Jefferson
Davis Highway, Suite 1204. Adiegton. VA 22202-4302, and to the Office of Management and Budget, Paperwork Reduction Project (0704-0188), Washington. DC 20503.
1. AGENCY USE ONLY (Leave blank) 2. REPORT DATE 3. REPORT TYPE AND DATES COVERED
1992 Technical Memorandum
4. TITLE AND SUBTITLE 5. FUNDING NUMBERS
Environmental Effects on Friction and Wear of Diamond and Diamondlike
Carbon Coatings
s. AUTHOR(S)
Kazuhisa Miyoshi, Richard L.C. Wu, and Alan Garscadden
7. PERFORMING ORG/_NIZATION NAME(S) AND ADDRESS(ES)
National Aeronautics and Space Administration
Lewis Research Center
Cleveland, Ohio 44135-3191
Lg_SPONSORING/MONITORING AGENCY NAMES(S) AND ADDRESS(ES)
National Aeronautics and Space Administration
Washington, D.C. 20546-0001
WU-506--43-11
8. PERFORMING ORGANIZATION
REPORT NUMBER
E--6977
10. SPONSORING/MONITORING
AGENCY REPORT NUMBER
NASA TM- 105634
11. SUPPLEMENTARY NOTES
Prepared for the International Conference on Metallurgical Coatings and Thin Films sponxored by the American Vacuum Society, San Diego, California,
April 6-10, 1992. Kazuhisa Miyoshi, NASA Lewis Research Center; Richard L.C. Wu, UES, Incorporated, 4401 Dayton-Xenia Road, Dayton, Ohio 45432;
Alan Garscadden, Wright Laboratory, Wright-Patterson AFB, Dayton, Ohio 45433. Responsible person, Kazuhisa Miyoshi, (216) 433--6078.
12a. DISTRIBUTIONJAVAILABILITY STATEMENT
Unclassified - Unlimited
Subject Category 27
12b. DISTRIBUTION CODE
13. ABSTRACT (Maximum 200 words)
Reciprocating sliding friction experiments were conducted with a natural diamond fiat, diamond films, and low- and
high-density diamondlike carbon (DLC) films in contact with pin specimens of natural diamond and silicon nitride
(Si3N4) both in humid air and in dry nitrogen. The results indicated that for natural diamond pin contacts the diamond
films and the natural diamond fiat were not susceptible to moisture but that moisture could increase both the coeffi-
cients of friction and wear factors of the DLC films. The coefficients of friction and wear factors of the diamond films
were generally similar to those of the natural diamond fiat both in humid air and in dry nitrogen. In dry nitrogen the
coefficients of friction of the hlgh-density DLC films in contact with pin specimens of both diamond and Si3N 4 were
generally low (about 0.02) and similar to those of the natural diamond flat and the diamond films. The wear factors of
the materials in contact with both natural diamond and Si3N 4 were generally in the ascending order of natural diamond
fiat, diamond film, high-density DLC film, and low-density DLC film. The moisture in the environment increased the
coefficients of friction for Si3N 4 pins in contact with all the materials (natural diamond fiat, diamond films, and DLC
films). This increase in friction is due to the silicon oxide film produced on the surface of Si3N 4 pins in humid air.
14. SUBJECT TERMS
Diamond films; Diamondlike carbon films; Friction and wear
17. SECURITY CLASSIFICATION
OF REPORT
Unclassified
18. SECURITY CLASSIFICATION
OF THIS PAGE
Unclassified
NSN 7540-01-280-5500
19. SECURITY CLASSIFICATION
OF ABSTRACT
Unclassified
15. NUMBER OF PAGES
22
16. PRICE CODE
A03
20. LIMITATION OF ABSTRACT
Standard Form 298 (Rev. 2-89)
Prescribed by ANSI Std. Z39-18
298-102
